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 2 
Abstract 1 
Stomatopod crustaceans possess some of the most complex animal visual systems, including at least 16 2 
spectrally-distinct types of photoreceptive units (e.g. assemblages of photoreceptor cells).  Here for the 3 
first time we fully characterize the set of opsin genes expressed in retinal tissues and determine 4 
expression patterns of each in the stomatopod Neogonodactylus oerstedii.  Using a combination of 5 
transcriptome and RACE sequencing, we identified 33 opsin transcripts expressed in each N. oerstedii 6 
eye, which are predicted to form 20 long wavelength sensitive (LWS), 10 middle wavelength sensitive 7 
(MWS), and three ultraviolet sensitive (UVS) visual pigments. Observed expression patterns of these 8 
33 transcripts were highly unusual in five respects: (1) all long-wavelength and short/middle-9 
wavelength photoreceptive units expressed multiple opsins while ultraviolet photoreceptor cells 10 
expressed single opsins; (2) most of the long-wavelength photoreceptive units expressed at least one 11 
MWS opsin transcript; (3) the photoreceptors involved in spatial, motion, and polarization vision 12 
expressed more transcripts than those involved in color vision; (4) there is a unique opsin transcript that 13 
is expressed in all eight of the photoreceptive units devoted to color vision; and (5) expression patterns 14 
in the peripheral hemispheres of the eyes suggest visual specializations not previously recognized in 15 
stomatopods. Elucidating the expression patterns of all opsin transcripts expressed in the N. oerstedii 16 
retina reveals the potential for previously undocumented functional diversity in the already complex 17 
stomatopod eye and is a first step towards understanding the functional significance of the unusual 18 
abundance of opsins found in many arthropod species’ visual systems. 19 
 20 
Significance Statement 21 
Our study reveals the most elaborate opsin expression patterns ever described in any animal 22 
eye.  In mantis shrimp, a pugnacious crustacean renowned for its visual sophistication, we found 23 
unexpected retinal expression patterns highlighting the potential for cryptic photoreceptor functional 24 
diversity, including single photoreceptors that co-express opsins from different spectral clades and a 25 
 3 
single opsin with a putative non-visual function important in color vision.  This study demonstrates the 26 
evolutionary potential for increasing visual system functional diversity through opsin gene duplication 27 
and diversification, as well as changes in patterns of gene co-expression among photoreceptors and 28 
retinula cells. These results have significant implications for the function of other visual systems, 29 
particularly in arthropods where large numbers of retinally expressed opsins have been documented.  30 
 4 
Introduction 31 
Stomatopod crustaceans are successful predators in marine habitats.  They are famous for their 32 
aggressive nature, powerful prey capture and defense system, and in particular their highly unusual 33 
visual system (1).  Unlike other arthropods, each stomatopod compound eye consists of three distinct 34 
regions – dorsal and ventral hemispheres separated by an equatorial region of specialized ommatidia 35 
referred to as the ‘midband’.  While the hemispheres are typically thought to have anatomically and 36 
physiologically similar ommatidia throughout, the midband (MB) is most commonly formed from six 37 
parallel rows of ommatidia that contain photoreceptors specialized for color (MB rows 1-4) and 38 
polarization (MB rows 5 and 6) discrimination (Fig. 1) (2-5).  39 
The Caribbean species Neogonodactylus oerstedii has been particularly well studied and is 40 
thought to be representative of many stomatopods with six-row midbands (6-10).  Altogether, its retina 41 
is composed of 16 spectrally-distinct photoreceptive units (10).  Similar to other crustaceans, each 42 
ommatidium is composed of eight photoreceptor (retinula) cells (R1-8). In the hemispheres and in MB 43 
rows 5 and 6, these eight cells are organized into two spectrally distinct layers composed of seven 44 
retinula cells (R1-7) situated proximal to a single-celled eighth retinula (R8) photoreceptor. Ommatidia 45 
in both hemispheres of N. oerstedii and in the two most ventral ommatidial rows of the midband, MB 46 
rows 5 and 6, have two photoreceptive layers – an ultraviolet R8 receptor distal to a middle 47 
wavelength-sensitive layer composed of R1-7 cells (6, 7, 9-11),  48 
Most of the spectral diversity found in stomatopod retinas exists in the four dorsal-most 49 
ommatidial midband rows (MB rows 1-4).  In MB rows 1-4, the seven proximal photoreceptor cells 50 
(R1-7) are subdivided into two separate photoreceptive units, formed by sets of three or four retinula 51 
cells. Therefore, in MB rows 1-4 each ommatidium is formed from three successive photoreceptive 52 
layers comprising the distal ultraviolet R8 photoreceptor, and middle and proximal photoreceptive 53 
layers sensitive to the visible spectrum (Fig. 1C).  Each of the three photoreceptor layers in each of the 54 
first four midband rows is spectrally distinct, adding twelve classes to the overall spectral diversity of 55 
 5 
the N. oerstedii eye. The spectral diversity of the photoreceptors in these layers is the result of distinct 56 
visual pigment expression, filtering through the visual pigments of photoreceptors of successive layers, 57 
and additional optical filtering by photostable pigments in the crystalline cones and rhabdoms that 58 
further tune their spectral sensitivities (3-7, 10-13).   59 
In all animal visual systems, photoreceptor spectral absorbance is due to the expression of light-60 
absorbing visual pigments.  These visual pigments are composed of an opsin protein covalently bound 61 
to a vitamin-A derived chromophore. The spectral diversity observed among different photoreceptors 62 
within an organism’s visual system is generally based on the expression of different opsin proteins 63 
bound to the same chromophore.  Crustacean opsin genes have been divided into three distinct 64 
phylogenetic groups based on general absorbance properties of the visual pigments: long wavelength-65 
sensitive (LWS), middle wavelength-sensitive (MWS), and short wavelength- or ultraviolet-sensitive 66 
(SWS/UVS) (14).  Given the sixteen spectrally-distinct classes of photoreceptive units in N. oerstedii 67 
retina, a reasonable hypothesis is that there is one visual opsin expressed for each, for a total of sixteen 68 
opsins.  However, previous studies found 15 different LWS opsin transcripts expressed in N. oerstedii 69 
retinas, which contain only six LWS photoreceptive units, suggesting the potential for rampant co-70 
expression of opsin genes in single photoreceptors (8).  Recent studies of N. oerstedii UVS opsins 71 
found many fewer transcripts expressed than spectrally-distinct R8 photoreceptor types (7).  These 72 
differences between the number of opsins expressed and number of spectral types of photoreceptors 73 
(many more LWS opsins than long-wavelength photoreceptive units and fewer UVS opsins than 74 
ultraviolet photoreceptors), implies that photoreceptors and opsin proteins tuned to different parts of the 75 
visible spectrum may be under different evolutionary pressures. 76 
The aim of this study is to characterize the set of opsin transcripts expressed in 77 
Neogonodactylus oerstedii retinal photoreceptors.  Furthermore, due to the discrepancy between opsin 78 
diversity and photoreceptor diversity within a specific wavelength class, we examine the expression 79 
patterns of all identified opsin transcripts.  This study provides the first fully characterized set of opsins 80 
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from a stomatopod compound eye and demonstrates that stomatopod visual systems exhibit extreme 81 
complexity both at the level of photoreceptor diversity and at the level of opsin expression patterns.  82 
 83 
Results 84 
Neogonodactylus oerstedii retinal opsin transcript diversity  85 
 In addition to previous results, we identified fifteen new N. oerstedii opsins, bringing the 86 
expressed retinal visual opsin total to 33 transcripts (7, 8).  Of these 33 visual opsins, 24 are full-length 87 
transcripts, 8 are partial transcripts missing only the 5’ end of the coding sequence, and one is a partial 88 
transcript missing coding regions on both the 5’ and 3’ ends.  All 33 transcripts contain typical opsin 89 
structural motifs including the predicted seven-transmembrane domains, a lysine residue that forms a 90 
protonated Schiff base with the bound retinal chromophore, a glutamic acid residue at the predicted R-91 
type opsin counterion site for the positive charge of the protonated lysine, and a conserved amino acid 92 
motif (e.g. glutamic acid / aspartic acid – arginine – tyrosine)  in transmembrane-helix 3 that stabilizes 93 
the inactive state conformation of class A rhodopsin-like GPCRs (15). 94 
In phylogenetic reconstructions including previously published crustacean opsin sequences, all 95 
N. oerstedii retinal opsins clustered into the expected three arthropod visual pigment clades (LWS, 96 
MWS and SWS/UVS; Fig. 2).  In total, the 33 N. oerstedii retinal opsins consist of 20 LWS (5 newly 97 
identified), 10 MWS (all newly identified), and 3 UVS transcripts (previously identified (7)). Within 98 
each spectral clade the opsin transcripts were further divided into well-supported subgroups. The LWS 99 
opsins all clustered into the six previously identified stomatopod opsin subgroups A-F (8). The five 100 
new LWS opsins identified in this study belong to subgroup B (NoL18), subgroup C (NoL20), and 101 
subgroup E (NoL16, NoL17, and NoL19).  In particular, the three opsin transcripts in LWS subgroup E 102 
represent the first characterized N. oerstedii sequences from this subgroup.  For the MWS clade, the 10 103 
opsins form three subgroups labeled G through I (Fig. 2).  We assigned previously described N. 104 
oerstedii UVS opsins to new subgroups J (NoUV1 and NoUV3) and K (NoUV2). 105 
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  106 
Neogonodactylus oerstedii opsin transcript retinal expression patterns 107 
All identified opsins appear to be functional based on conserved structural motifs, so we determined the 108 
retinal expression pattern of each transcript (Fig. 3).   We will describe the expression patterns of each 109 
transcript first by comparing patterns within opsin spectral classes and then by patterns observed based 110 
on photoreceptors with similar function or visual task (e.g. spatial and motion vision, color vision, 111 
polarization vision, or UV vision). 112 
 113 
   LWS opsin expression patterns:  Nineteen of the 20 LWS opsin transcripts were expressed 114 
exclusively in long-wavelength photoreceptors (i.e. the R1-7 photoreceptors of the middle and 115 
proximal tiers in MB rows 2, 3, 5 and 6, and both hemispheres).  Subgroup A and B opsin transcripts 116 
were exclusively expressed in photoreceptive layers composed of R1-7 cells of the hemispheres and 117 
midband rows 5 and 6, although there was not a strict division of expression patterns by subgroup 118 
(Fig. 3A).  The three most similar transcripts in LWS subgroup A (NoL6, 7, 12) were all expressed in 119 
midband rows 5 and 6. The fourth transcript in subgroup A (NoL8), however, was expressed in the R1-120 
7 photoreceptive units of both the midband rows 5 and 6 and in a subset of the hemisphere ommatidia, 121 
including only those closest to the midband (Fig. 3A).  In subgroup B, the single probe designed for 122 
five nearly identical transcripts (NoL3-5, NoL10-11) showed that as a set, these were expressed in all 123 
of the R1-7 photoreceptive layers of the hemisphere ommatidia; however, we cannot determine if there 124 
are expression level differences between individual transcripts.  The sixth transcript of this subgroup 125 
(NoL18) was expressed only in the R1-7 photoreceptive layer of midband rows 5 and 6 (Fig. 3A). 126 
 The remaining transcripts in LWS subgroups D through F were mainly expressed in the long-127 
wavelength middle and proximal layers of midband rows 2 and 3 (Fig. 3A).  However, the two 128 
subgroup C opsin transcripts (NoL9, NoL20) showed more complex retinal expression patterns. NoL9 129 
had the most unusual expression patterns of all of the LWS opsins, being consistently expressed in the 130 
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middle and proximal photoreceptive units of all of the midband rows used in color vision (e.g. rows 1-131 
4), including photoreceptors in rows 1 and 4 that have short-wavelength sensitivities (Fig. 3A).  NoL20 132 
had expression patterns that were difficult to interpret, with strong labeling in the row 3 proximal tier 133 
but also weaker labeling in the row 3 middle and row 2 proximal tiers (Fig. 3A). In each of subgroups 134 
D, E, and F, the transcripts had comparable expression patterns. In subgroup D, the highly similar 135 
transcripts NoL1 and NoL2 were both expressed in the MB row 2 proximal tier (Fig. 3A), while two 136 
subgroup E transcripts (NoL16 and NoL17) were expressed in the MB row 2 middle tier (Fig. 3A). The 137 
third transcript in subgroup E, NoL19, did not clearly label any retinal photoreceptors, although it had 138 
relatively high expression levels based on eye transcriptome estimates (2.4x10
4 
TPM). Finally, two 139 
subgroup F transcripts were expressed in midband row 3 photoreceptive layers, with NoL15 expressed 140 
in the proximal tier and NoL13 in the middle tier. Uniquely, the third transcript in subgroup F, NoL14, 141 
had a similar expression pattern to subgroup B transcripts and was expressed in all of the R1-7 142 
photoreceptive units in the hemispheres of the eye. 143 
 144 
MWS opsin expression patterns: The ten N. oerstedii MWS opsin transcripts exhibited two 145 
general classes of expression pattern (Fig. 3B). The first was, as expected, expression in single 146 
short/middle-wavelength photoreceptive units in the midband (i.e. the middle and proximal tiers of 147 
rows 1 and 4). The second, unexpected, pattern of expression was for MWS transcripts found in 148 
distinct regionalized sets of photoreceptors in the hemispheres that were previously assumed to be 149 
sensitive to long-wavelengths of light. Each of the four transcripts in MWS subgroup G had a different 150 
expression pattern. Three of the transcripts were expressed in short/middle-wavelength photoreceptive 151 
layers: NoM1 in the midband row 1 middle tier, NoM3 in the row 1 proximal tier, and NoM4 in the 152 
row 4 middle tier. The final subgroup G transcript, NoM2, was expressed only in the R1-7 153 
photoreceptive unit of ommatidia that line the dorsal border of the eye (mDH, Fig. 3B).   154 
The various transcripts in subgroup H had very different expression patterns, but all were 155 
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expressed in photoreceptors previously characterized as LWS. Transcript NoM10 was expressed in the 156 
R1-7 layer of midband rows 5 and 6, NoM8 in both dorsal and ventral hemisphere R1-7 photoreceptive 157 
units (similar to LWS transcript NoL8), and NoM7 and NoM9 in only the R1-7 layer of the ommatidia 158 
that line the dorsal border of the eye (Fig. 3B).  Finally, in subgroup I, two similar transcripts shared 159 
expression in midband row 4 proximal layers containing photoreceptors with short/middle-wavelength 160 
sensitivity (Fig. 3B). 161 
 162 
SWS opsin expression patterns: The expression patterns of the three transcripts found in the 163 
SWS opsin clade were published previously (7).  Two of the three SWS transcripts were expressed in 164 
the ultraviolet R8 cells of the retina, with a nearly non-overlapping pattern. Transcript NoUV1 165 
(subgroup J) was expressed in R8 cells of the dorsal hemisphere, midband rows 2-6, and the ventral 166 
hemisphere ommatidia immediately adjacent to the midband. NoUV2 (subgroup K) was found in the 167 
R8 cells of midband row 1 and the ventral hemisphere (Fig. 3C). NoUV3 (subgroup J) was not 168 
expressed at significant levels in any retinal photoreceptors, and also had no detectable expression in 169 
the transcriptome dataset. 170 
 171 
Overall opsin expression in photoreceptor classes: All the MWS and LWS opsins apart from 172 
NoL19 (which based on in situ data had no detectable expression in the retina) were expressed in R1-7 173 
cells (Fig. 3). Additionally, all of the LWS and MWS photoreceptive layers throughout the eye (both in 174 
hemispheres and in MB rows) expressed from two to nine opsins (Fig. 4A; SI Appendix Fig. S2).  175 
Comparisons of photoreceptive layer spectral sensitivities, spectral absorbances, and opsin expression 176 
patterns showed that those with similar spectral properties tend to express similar sets of opsins (Fig. 177 
4B).  178 
Differences were also found in expression patterns among photoreceptive units used for 179 
different visual tasks. In general, clusters of photoreceptors used for spatial, motion, and polarization 180 
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vision expressed opsins from multiple subgroups both within and across spectral clades (Fig. 4A, B). 181 
For example, the MB row 5 and 6 R1-7 layer, specialized for polarization vision, expressed a total of 182 
six transcripts from LWS subgroups A (4 transcripts) and B (1 transcript), and MWS subgroup H (1 183 
transcript). The R1-7 layers in the hemispheres, used for spatial, motion, and polarization vision, 184 
express either six transcripts (6 LWS) in the most marginal ommatidia of the ventral hemisphere, eight 185 
transcripts (7 LWS, 1 MWS) in the dorsal and ventral hemisphere ommatidia other than those at the 186 
margins, or nine transcripts (6 LWS and 3 MWS) in the most marginal ommatidia of the dorsal 187 
hemisphere (Figs. 3, 4).  In contrast, the photoreceptive layers in midband ommatidia devoted to color 188 
(e.g. row 1-4 middle and proximal tiers) generally expressed fewer opsins consisting of sets of highly 189 
similar transcripts from within the same spectral subgroup (e.g. LWS subgroup D transcripts NoL1 and 190 
NoL2 were both expressed in the midband row 2 proximal tier, LWS subgroup E transcripts were 191 
expressed in the MB row 2 middle tier, and MWS subgroup I opsins in the MB row 4 proximal tier). 192 
One notable exception to this pattern is transcript NoL9, which was expressed in all eight of the middle 193 
and proximal tiers in MB rows 1-4 (Fig. 4A). Finally, in contrast to long-wavelength and short/middle-194 
wavelength photoreceptive units that express multiple opsins, ultraviolet R8 photoreceptors all 195 
expressed a single opsin transcript (Fig. 3C) (7).   196 
 197 
Evidence for site-specific selection 198 
Amino acid sites near the visual pigment chromophore tend to affect spectral tuning. Through 199 
comparison of our N. oerstedii alignment with a recently published jumping spider rhodopsin protein 200 
structure (16), we identified 26 sites within 5 Å of the chromophore (dataset S2).  Of these, six sites 201 
were invariable, including the chromophore binding site, the counterion site, and one of the cysteine 202 
residues involved in disulfide bridge formation.  Substitutions in opsins of S-A or F-Y near the 203 
chromophore are known to produce spectral shifts in the peak absorbance of visual pigments in many 204 
species (17-19). In the identified 26 sites in N. oerstedii opsins, seven sites contained S-A or F-Y 205 
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substitutions that varied within or between spectral clades (Table 1). Using tests of selection based on 206 
dN/dS ratios (PAML, MEME), we identified a further ten sites under positive selection across the N. 207 
oerstedii opsin phylogeny; one site (NoL1#69) was identified by both tests (SI Appendix, Table S4). 208 
None of these sites was within 5 Å of the chromophore. Using PAML random sites models, there was 209 
evidence for positive selection across the N. oerstedii opsin phylogeny (M7 versus M8, p < 0.004;  = 210 
1.15), with two sites identified as under selection (NoL#69 and NoL#166, p ≤ 0.05). In addition to the 211 
potential spectral tuning sites close to the chromophore with S-A or F-Y substitutions, an additional 12 212 
sites from the set of 36 identified from all three methods had variation that corresponded with opsin 213 
clade structure (Table 2). The remaining eleven sites from the 36 identified from all three methods had 214 
variation both within and across clades, or variation that was not significantly different in amino acid 215 
properties (e.g. I-L substitutions). 216 
 217 
DISCUSSION 218 
N. oerstedii retinal opsin transcript numbers  219 
With three UVS, ten MWS, and 20 LWS transcripts, N. oerstedii expresses an astounding diversity of 220 
visual opsins.  The high numbers of characterized opsin transcripts are similar to numbers published in 221 
transcriptome estimates for other stomatopod species, specifically Hemisquilla californiensis (11 LWS, 222 
2 MWS, and 1 SWS) and Pseudosquilla ciliata (15 LWS, 16 MWS, and 2 SWS) (14).  Dragonflies and 223 
damselflies (Odonata) also have similar patterns of diversity, generally including 1 UVS, 1-8 insect 224 
SWS, and 8-21 LWS opsin genes (20), with different species expressing anywhere from 4 to 30 visual 225 
opsin genes (20-22). Genomic sequencing in many arthropod taxa has revealed unexpectedly large 226 
numbers of potential visual opsins, including 12 opsins in the mosquito Anopheles gambia, 9 of which 227 
are in visual opsin clades (23); 18 opsins in the horseshoe crab Limulus polyphemus, 13 of which are 228 
expressed in eyes (24); 46 opsins in the crustacean Daphnia pulex, 27 of which are likely used for 229 
vision (25); and 42 visual opsins (33 LWS, 7 MWS, and 2 SWS) in the penaid shrimp Litopenaeus 230 
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vannamei (26). Understanding the functional implications of these large numbers of opsin genes in 231 
arthropods requires studies that link genomic opsin diversity to retinal expression patterns, as well as 232 
research on actual photoreceptor spectral and polarization responses.    233 
In arthropods where an abundance of expressed opsins has been found (i.e. horseshoe crabs, 234 
odonates, stomatopods), most gene duplications occur in the LWS opsin clade, with fewer in the MWS 235 
clade and very few in the SWS/UVS clade. These differences in frequency of gene duplication suggest 236 
that different selection pressures act on visual pigments sensitive to different parts of the spectrum.  237 
The stomatopod and odonate visual systems are among the most extreme examples of LWS opsin gene 238 
duplication yet characterized, with N. oerstedii expressing 20 LWS and the dragonfly Anax parthenope 239 
expressing 21 LWS opsins (20).  What drives LWS opsin gene expansion in these taxa?  In odonates, 240 
Suvorov et al. (22) found that a heterozygote advantage model may explain the opsin gene repertoire 241 
expansion, where positive selection acts on alleles that are subsequently duplicated and fixed in the 242 
genome. Other possible explanations include genome characteristics and similarities in ecologies 243 
(stomatopods and odonates are both highly visual predators).   244 
The high numbers of MWS transcripts found in N. oerstedii (10 opsins) are in line with the 245 
numbers of MWS genes revealed in other crustacean studies (Daphnia pulex genome 25 MWS genes  246 
(25), Litopenaeus vannamei genome 7 MWS genes (26)).  Unlike these crustacean examples, one of the 247 
few published chelicerate genomes, from L. polyphemus, contains a single MWS opsin (24).  248 
Interestingly, among stomatopod species the expressed number of MWS opsin transcripts appears to 249 
vary strongly, with only 3 transcripts recovered in H. californiensis, compared to 10 in N. oerstedii and 250 
16 in P. ciliata (this study; 14).   251 
In insects, blue-sensitive opsins are an evolutionarily distinct lineage from the crustacean and 252 
horseshoe crab MWS opsins, clustering with what we call here the SWS clade; therefore, the 10 N. 253 
oerstedii MWS opsins and the 8 MWS opsins in A. parthenope that form putatively short/middle-254 
wavelength sensitive visual pigments must be an independent set of duplications.  Although most 255 
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orders of insects do not appear to contain sequences closely related to the crustacean MWS clade, 256 
recent studies found crustacean-type MWS opsins in early branching hexapod lineages (Sminthurus 257 
viridis, Collembola; Machilis hrabei, Archaeognatha) and myriapods (Scutigera coleoptrata) (27). 258 
 259 
N. oerstedii retinal opsin expression patterns 260 
Only a few genomic and transcriptomic studies of arthropod visual systems have determined the 261 
expression pattern of each identified transcript. In this study we demonstrated retinal expression 262 
patterns for 31 of the 33 described opsin transcripts. The two opsin transcripts, NoL19 and NoUV3, 263 
with no clear retinal expression pattern may be expressed in parts of the nervous system that we did not 264 
include in our study. This idea is supported for NoL19 by two pieces of information. First, NoL19 had 265 
expression levels (2.4x10
4 
TPM) in the transcriptome similar to other LWS opsin transcripts. Second, a 266 
recent study by Donohue et al. (28) found NoL19 (identical to transcript NoT27696g1 in (28)) to be 267 
expressed in the cerebral ganglion. The case for NoUV3 is less clear, as it had no detectable expression 268 
in the transcriptome dataset; this may be due to expression in a very small subset of cells or the 269 
possibility that the tissue of expression was not included in the generation of the transcriptome data.  270 
Future studies should check the visual neuropils for both of these “orphan” eye transcripts and the CNS 271 
for expression of NoUV3. 272 
 Determining the retinal expression patterns for all 33 opsins found in the N. oerstedii retina is a 273 
major contribution to understanding the function of the complex stomatopod visual system and, more 274 
broadly, other arthropod eyes that express a superabundance of opsin transcripts relative to described 275 
photoreceptor types. Perhaps the most comprehensive previous study of arthropod opsin expression 276 
patterns is that of Battelle et al. (24), which documented 18 opsin genes in the L. polyphemus genome 277 
and determined the expression patterns of each across the visual system and CNS.  Thirteen of these 278 
opsins are expressed in ocular tissues of the median, ventral or lateral eyes, although only 10 of them 279 
are found in what are typically considered visual opsin clades. L. polyphemus eyes all express opsins 280 
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from multiple spectral clades: the median eyes express 7 LWS, 1 MWS, and 1 SWS opsins, while the 281 
ventral and lateral eyes each express 4 LWS, 1 MWS, and 1 SWS opsins (24). A similar pattern was 282 
found in N. oerstedii eyes, where all of the R1-7 photoreceptive layers in MB rows 5 and 6 and the 283 
hemispheres (with the exception of the most marginal region of the ventral hemisphere) express 284 
numerous LWS opsin transcripts as well as at least one MWS opsin transcript.  285 
Given that the long-wavelength and short/middle-wavelength photoreceptive units in the N. 286 
oerstedii retina express multiple opsin transcripts, an important question for study is how these opsins 287 
are distributed among the retinula cells that contribute to each unit. In the ommatidia of the N. oerstedii 288 
hemispheres, the R1-7 photoreceptive layer is composed of seven cells which form a fused central 289 
rhabdom. Determining which sets of the R1-7 cells express MWS opsin transcripts in the LWS 290 
photoreceptive units may provide further clues to the functional significance of these apparently 291 
spectrally mismatched visual pigments. Based on LWS and MWS opsin expression patterns across 292 
hemisphere ommatidia, there are more opsins expressed (6 LWS and 3 MWS opsins in the marginal 293 
dorsal hemisphere ommatidia; 7 LWS and 1 MWS in the dorsal and ventral hemisphere ommatidia) 294 
than the number of previously characterized spectrally distinct photoreceptive units (1 LWS, 0 MWS).  295 
Because each of the hemisphere ommatidia contains up to seven photoreceptor cells (R1-7) 296 
contributing to LWS sensitivity, this pattern of 8 or 9 expressed LWS/MWS opsins per ommatidia 297 
suggests that some photoreceptor cells in hemisphere ommatidia must express multiple opsin 298 
transcripts. However, we cannot predict at this point whether all retinula cells express all opsin 299 
transcripts, to what degree subsets of these cells express subsets of opsins, or whether all of the 300 
transcripts identified are translated into stable proteins capable of binding chromophore. Co-expression 301 
of multiple opsins in arthropod photoreceptor cells has been shown in a number of species, including 302 
butterflies (29, 30), mosquitoes (31, 32), horseshoe crabs (24), and fiddler crabs (33).  In insects (e.g. 303 
butterflies, mosquitoes), opsin co-expression has been shown to broaden the spectral sensitivity of 304 
photoreceptors (29) or enhance vision in low light environments (31). In studies of opsin co-expression 305 
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in crustaceans, Rajkumar et al. (33) found that the two MWS opsins expressed in R1-7 layer of the 306 
fiddler crab Uca pugilator were co-expressed in only one of the seven retinula cells forming the 307 
rhabdom, while each of the remaining six retinula cells expressed only one of the two possible 308 
transcripts. Based on this expression pattern involving only two opsin transcripts, the expression 309 
patterns at the level of individual retinula cells in stomatopods is likely to be complex, and possibly 310 
unique for each opsin. In one of the few published studies on stomatopod opsin expression patterns, at 311 
least two LWS opsin transcripts were co-expressed in all retinula cells of the retina of Squilla empusa 312 
(34), a species with a relatively simple eye having only two rows of ommatidia in the midband. In the 313 
more complicated 6-midband row eye of N.  oerstedii, if each retinula cell (R1-7) expressed a unique 314 
set of opsins, then photoreceptive units composed of fewer cells (three or four cells in midband 315 
photoreceptor tiers versus seven in hemisphere R1-7 photoreceptive units) would be predicted to 316 
express fewer transcripts. Indeed, we observe this pattern in the N. oerstedii retina, where tiered middle 317 
and proximal photoreceptive layers in the midband express fewer opsin transcripts than the hemisphere 318 
R1-7 layer (Fig. 4).   319 
 Our data also illustrate how molecular studies can be used to reveal new photoreceptive 320 
structures missed by other methods. An example in N. oerstedii is the very marginal region of the 321 
dorsal hemisphere, containing ommatidia that line the dorsal border of the eye. The expression of three 322 
different MWS opsin transcripts in this region is reminiscent of the ‘dorsal rim’ area of insect eyes 323 
typically used to detect shorter-wavelength skylight polarization patterns (35). Histological sections 324 
used for in situ hybridization, although not ideal for anatomical studies, suggest comparable 325 
morphological changes in the dorsal-most part of the N. oerstedii eye, where all the photoreceptors are 326 
directed upward. This specialized region is the first identified in a crustacean eye. In insects, 327 
photoreceptors in the dorsal rim area have been found to be sensitive to either UV, blue, or green 328 
wavelengths of light and may exhibit a suite of morphological changes, including altered or lost lens 329 
structures, orthogonally arranged microvilli, loss of screening pigment, an upward directed optical axis, 330 
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and significantly reduced rhabdom lengths (35). Consistent with what is known from insect eyes, our 331 
molecular data suggest the presence of blue-green to blue visual pigments in the dorsal-most eye region 332 
of stomatopods. Previous studies of related species suggest this region of the eye is also unique with 333 
respect to the presence of UV filters (11). Investigations of ommatidia in the stomatopod eye dorsal rim 334 
region are needed, to understand whether or not photoreceptor anatomy and physiology of this region 335 
differs from that of the adjacent hemisphere receptors and to learn if N. oerstedii show behavioral 336 
evidence of using skylight polarization patterns for navigation underwater.  337 
 338 
Why do stomatopods have so many opsins in their retinas? 339 
 The retinal expression patterns of identified opsin transcripts were far more complex than we 340 
predicted. Photoreceptive layers formed from retinula cells R1-7 in N. oerstedii express as many as 341 
nine different opsin transcripts (Fig. 4). This is particularly surprising because absorbance spectra 342 
previously measured by microspectrophotometry (MSP) suggest that each photoreceptive unit, with the 343 
possible exception of those of the hemispheres, possesses only a single spectral class of visual pigment 344 
(10). However, absorbance spectral data are unsuitable for detecting the presence of multiple visual 345 
pigments if they have similar absorption spectra or if one or more components are present in relatively 346 
low concentration.  347 
 When multiple opsins are expressed in single photoreceptors, the mixture’s presence is often 348 
obvious from the broadening of the spectral absorption or sensitivity of the receptor.  In vertebrates, for 349 
example cichlid fish or nocturnal rodents, the absorption effects of visual pigment coexpression have 350 
generally been interpreted as adaptations to the spectral or luminosity features of the environment (36-351 
38). In arthropods the situation is often more puzzling. The best data available are from butterflies, 352 
where opsin coexpression is common in subsets of retinal photoreceptors that have also been 353 
physiologically characterized. In some cases, the mixture produces spectrally obvious effects, forming 354 
receptors with extremely broad, or even double, spectral peaks (29, 30, 39). In others, however, 355 
 17 
photoreceptors with mixed opsins have spectral sensitivities similar to receptors with only one 356 
rhodopsin class (30, 40). Similar to our MSP findings in N. oerstedii, previous crustacean studies on 357 
opsin coexpression in an intertidal grapsid crab (41) and a deep-sea lophogastrid (42) found that  358 
spectral sensitivity of photoreceptors was explainable by a single visual pigment in the retina despite 359 
the mix of expressed opsins.  Electrophysiological recordings from single photoreceptor cells in the 360 
color receptors (i.e. from photoreceptive units in the dorsal four midband rows) of N. oerstedii indicate 361 
narrow-band sensitivity (43), essentially identical to predictions made based on models using single 362 
visual pigments plus the overlying filters (10).  This is not particularly surprising, given that these 363 
receptors express few opsins and are heavily filtered.  On the other hand, physiological measurements 364 
from receptors in the hemispheres, which are not filtered and which express up to nine opsin 365 
transcripts, also find spectral sensitivities explainable by the presence of a single visual pigment (44). 366 
Given the consistency of these results from multiple crustaceans, it appears that the multiple opsin 367 
expression we report here rarely (or never) leads to spectral sensitivity broadening in these animals. 368 
One possible explanation of the seeming contradiction between the complex opsin expression 369 
results and the MSP measurements is that some transcribed opsins, for example the LWS-subgroup C 370 
opsins expressed in all of the visible light photoreceptors in MB rows 1-4, are either untranslated, 371 
nonfunctional as proteins, or have a yet unidentified non-visual function (‘functionality’ hypothesis). 372 
Alternatively, only one (or at least a very few) of the expressed opsins dominates in visual pigments in 373 
the rhabdom of a given photoreceptive layer (‘dominance’ hypothesis).  A third possibility is that opsins 374 
belonging to the same subgroup (i.e. A, B, C, etc.) that are expressed in the same cluster of 375 
photoreceptors may have similar or identical absorption spectra (‘similarity’ hypothesis). A final 376 
possibility is that some of the expressed visual opsins have non-visual functions within the retina (‘non-377 
visual’ hypothesis).   378 
Although these hypotheses are not mutually exclusive, and the expression patterns of different 379 
transcripts may be explained by alternate hypotheses, our data allow us to investigate these three 380 
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alternatives using several approaches: 1) analyzing transcript sequences for sites important to visual 381 
pigment function (functionality hypothesis), 2) investigating expression levels of selected transcripts 382 
expressed in similar sets of photoreceptors (dominance hypothesis), and 3) inspecting the residue 383 
identities for sites under positive selection and potential spectral tuning sites within groups of related 384 
sequences expressed in the same sets of photoreceptors (similarity hypothesis).  For hypotheses of 385 
some transcripts having non-visual functions, we can only speculate as to the potential roles based on 386 
previous studies in other arthropods.   387 
 388 
Functionality Hypothesis:  All 33 transcripts characterized here contained typical opsin structural 389 
motifs, including the chromophore binding and counterion sites, and can therefore be translated into 390 
functional proteins. Within the N. oerstedii opsins a set of 10 sets of sites were identified that were 391 
under positive selection (SI Appendix, Table S4). Because most of these sites are far from the 392 
chromophore binding pocket, it is likely that variations at these sites affect overall opsin function and 393 
GPCR signaling, rather than spectral tuning (34).  Although many of these sites have amino acid 394 
substitutions that vary across or within clades (Table 2), at this point it is difficult to determine how 395 
this amino acid variation may affect overall visual pigment function and thus the veracity of the 396 
functionality hypothesis. Future studies of protein localization will help identify transcripts translated 397 
into functional proteins, while the sites under positive selection may serve as candidates for in vitro 398 
studies of arthropod opsin functional diversity unrelated to spectral tuning. 399 
 400 
Dominance Hypothesis: As a first approach to investigating whether single transcripts dominate in a 401 
particular photoreceptive unit, we considered both the relative level of labeling in in situ hybridization 402 
sections and the calculated retinal expression levels of co-expressed sets of opsin transcripts. Although 403 
this is a poor measure of abundance, some sets of transcripts expressed in the same photoreceptive 404 
layer all had strong in situ labeling, suggesting significant expression levels for multiple transcripts 405 
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(e.g. the expression patterns of transcripts in LWS subgroups A and B in MB rows 5 and 6, or NoL1 406 
and NoL2 expression in the MB row 2 proximal tier; Fig. 3A). Due to complex and overlapping 407 
expression patterns in multiple types of photoreceptive units, we have chosen not to present estimated 408 
expression levels of each transcript here because they are difficult to interpret. However, there are 409 
several sets of LWS transcripts with similar expression patterns, making estimated expression levels 410 
comparable. For example, transcripts from two different subgroups (e.g. NoL6-7 and NoL12 from 411 
Group A, and NoL18 from Group B) that have the same expression pattern in only the R1-7 layer of 412 
MB rows 5 and 6 all had similar levels of expression (NoL6 = 1.2 X 10
5
 TPM; NoL7 = 1.4 x 10
5
 TPM; 413 
NoL12 = 1.5 x 10
5
 TPM; NoL18 = 1.0 x 10
5
 TPM), illustrating that at least for some photoreceptive 414 
units there is not a single dominant expressed opsin. Similarly, the closely related sets of transcripts 415 
expressed in the MB row 2 proximal tier (NoL1 = 2.8 x 10
4
 TPM; NoL2 = 2.5 x 10
4
 TPM) and the row 416 
2 middle tier (NoL16 = 1.3 x 10
4
 TPM; NoL17 = 4.0 x 10
3
 TPM) all had similar levels of expression 417 
(see Fig. 3A). Together, although neither of these methods can specifically test this question, results 418 
suggest that in most stomatopod retinal photoreceptive layers there is probably not a single dominant 419 
visual pigment responsible for the previously measured spectral absorbances, and therefore we consider 420 
the dominance hypothesis an unlikely explanation for stomatopod retinas. However, to establish this 421 
conclusion definitively, methods for determining translation efficiency as well as visual pigment 422 
functionality are needed. 423 
 424 
Similarity Hypothesis: The similarity hypothesis, at its core, addresses the fate of opsin gene duplicates 425 
in the stomatopod genome. There is a large literature on evolutionary models for the maintenance of 426 
gene duplicates (45), distilling down to three outcomes: 1) the evolution of a new function 427 
('neofunctionalization' - 46); 2) the division of ancestral functions among duplicates 428 
(‘subfunctionalization’); 3) the conservation of function in both duplicates (‘gene conservation’). In the 429 
context of stomatopod opsin genes that encode visual pigments, gene duplication followed by 430 
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subfunctionalization and/or neofunctionalization has led to the large set of visual pigments with diverse 431 
peak spectral absorbances expressed in distinct photoreceptor types. However, what processes are at 432 
play for duplicated genes expressed in the same photoreceptor is still an open question. There is 433 
evidence from S. empusa that co-expressed, closely-related gene variants may interact differently with 434 
the phototransduction machinery (34) and thus may tune photoreceptor cell temporal responses.   435 
The only potential evolutionary model that we can address here, given our data for opsin gene 436 
duplicates expressed within a single photoreceptive structure, is gene conservation. Mechanisms for 437 
maintaining a gene duplicate include dosage models, where producing more of a gene product provides 438 
a functional advantage. To address whether related sets of opsin transcripts may form visual pigments 439 
with similar peak absorbances, we compared the residues at predicted spectral tuning sites across 440 
transcript sequences that were closely related and also expressed in the same set of photoreceptor cells. 441 
For example, the MB row 2 proximal and middle tiers both express two opsin transcripts that are 442 
evolutionarily closely related (Fig. 3A), and that do not vary in amino acid at any of the potential 443 
spectral tuning sites (e.g. subgroup E NoL16 and NoL17 in the MB row 2 middle tier and subgroup D 444 
NoL1 and NoL2 in the MB row 2 proximal tier; Table 1). This suggests that spectral absorbance of the 445 
encoded visual pigments does not vary, at least for these sets of transcripts, and they therefore may 446 
adhere to the dosage model of gene duplicate conservation. Another possible factor in gene 447 
conservation is heterodimerization, particularly in the LWS polarization-sensitive photoreceptive layers 448 
in the hemispheres and MB rows 5 and 6, which all express 6 or more opsin transcripts (Figs. 4A, B). 449 
Large numbers of expressed transcripts with similar spectral properties may play a role in increased 450 
dimerization and/or heterodimerization and improved chromophore orientation along the microvillar 451 
axis, improving the polarization sensitivity of these photoreceptors (47-49). 452 
 453 
Non-visual Hypothesis: Although we have no way to test this hypothesis given the data presented here, 454 
previous studies of Drosophila have shown that visual opsins can have light-independent functions, 455 
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including thermal preference (50), mechanoreception (51),(52) and larval locomotion. Therefore, we 456 
cannot rule out the possibility that some of the opsin transcripts expressed in the N. oerstedii retina 457 
have non-visual functions.  Further studies are needed to begin to sort out these potential functions. 458 
 459 
Summary 460 
Elucidating the expression patterns of all 33 opsin transcripts found in N. oerstedii retinas is a major 461 
step towards understanding the functional significance of the large abundance of opsins described from 462 
many arthropod species’ visual systems.  This study demonstrates that the already complex 463 
photoreceptor diversity of the stomatopod visual system is even more complex at the molecular level of 464 
phototransduction. The observed expression patterns, particularly for the MWS opsins, were 465 
unexpected and revealed the potential for previously unsuspected functional diversity in the 466 
photoreceptors of the already complex stomatopod eye. In the retina of N. oerstedii, we show that all 467 
long wavelength- and short/middle wavelength-sensitive photoreceptive layers express multiple opsins, 468 
that the R1-7 photoreceptive units of the hemispheres and midband rows 5 and 6 express more 469 
transcripts than any of the middle or proximal tiers involved in color vision in midband rows 1-4, and 470 
that all of the hemisphere and midband row 5 and 6 long wavelength-sensitive photoreceptive units 471 
express at least one MWS opsin transcript.  In addition, there is a single opsin transcript that is uniquely 472 
expressed in all eight of the midband row 1-4 middle and proximal tiers devoted to color vision.            473 
 474 
Materials & Methods 475 
Data Availability  476 
The generated N. oerstedii transcriptome and opsin transcript sequences are available at Genbank (SRA 477 
PRJNA609025, Accession numbers MT112859-MT112888). The full details of our methods, including 478 
sequence alignments, are presented in the SI Appendix and SI datasets.  479 
 480 
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RNAseq and opsin transcript identification 481 
Total RNA was isolated using TRIzol (Life Technologies) and purified using a RNeasy kit (Qiagen). A 482 
transcriptome generated and assembled by Cofactor Genomics was queried using local BLAST+ (ver. 483 
2.2.28) to identify opsin contigs. Identified opsin contigs, as well as previously published N. oerstedii 484 
opsin sequences (7, 8), were confirmed using transcript-specific primers in RT-PCR, while degenerate 485 
primers were used to search for possible transcripts missed by all other methods. RACE methods were 486 
used to sequence the ends of incomplete transcripts (8). 487 
  488 
Opsin phylogenetic analysis 489 
Each opsin transcript was translated and aligned with other opsin sequences using MUSCLE (53, 54) as 490 
implemented by MEGA 6.06 (55) to create two datasets: 1) N. oerstedii transcripts with other 491 
published arthropod opsin sequences; and 2) N. oerstedii opsins only to use for mapping ISH results. 492 
Phylogenetic analyses were carried out using maximum likelihood methods executed in RAxML 8.1.5 493 
(56-58), with the best-fit model as selected by ProtTest3 (59, 60). Additionally, posterior probabilities 494 
using Bayesian inference methods coupled with a Markov chain Monte Carlo algorithm executed in 495 
MrBayes 3.2.6 (61, 62) were generated on the CIPRES Science Gateway v3.3 (63, 64).  496 
 497 
Analyses of spectral tuning sites, gene conversion, and selection 498 
SWISS-PDBVIEWER (65-67) was used to fit a N. oersterdii opsin (NoL1) to the jumping spider 499 
rhodopsin protein structure (PDB:619K) (16), and to identify all residues predicted to be within five Å 500 
of the chromophore. These candidate sites were screened based on how residue identities mapped to 501 
spectral clades, specific amino acid properties, and correspondence with sites previously identified to 502 
cause shifts in spectral absorbance of the visual pigment. Tests for selection across branches and sites 503 
were accomplished using the CodeML program in the PAML software package (68, 69) as 504 
implemented in EasycodeML (70), and the HyPhy software package on the Datamonkey webserver 505 
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(71-74). For residue identification, amino acids were numbered based on their position in the N. 506 
oerstedii reference sequence (NoL1#), the Hasarius adansoni crystal structure (JSR1#), or bovine 507 
rhodopsin (BvRh#). 508 
  509 
In situ hybridization 510 
Dissected eyes were fixed in 4% paraformaldehyde in 10mM phosphate buffer (pH 7.4), cryoprotected 511 
with sucrose, permeated with Tissue-Tek O.C.T Compound (Sakura Finetek), quick-frozen, and 512 
sectioned at a thickness of 12 µm in a cryostat cooled to -20°C. With the exception of five transcripts 513 
(NoL3-5, 10, and 11) with similar sequences, unique riboprobes were designed for each transcript 514 
based on the 3’ UTR of each opsin mRNA. Riboprobes were generated as described in (75).  515 
Hybridizations were performed on cryosections as described in (75, 76). Individual hybridization 516 
temperatures were calculated by an equation for RNA duplex formation derived by Bodkin and 517 
Knudson (77).  518 
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Table 1. Amino acid positions identified by proximity to the chromophore that contain S-A or F-Y 
substitutions (residues in bold). Amino acid sites are identified based on numbering in the NoL1 opsin 
of Neogonodactylus oerstedii (NoL1), the crystal structure of rhodopsin from the jumping spider 
Hasarius adansoni (JSR1; Accession # 6I9K_A), and bovine rhodopsin (BvRh; Accession # 
NP_001014890.1).  Opsins are divided by spectral clades (long wavelength sensitive = LWS, middle 
wavelength sensitive = MWS, and ultraviolet sensitive = UVS) and subgroups (A-K). The number of 
sequences within each subgroup are indicated in the parentheses after each letter.  Within each 
subgroup, all amino acids at that position are indicated, with the number of sequences encoding that 





  Amino Acid #s 
NoLI  110 129 134 194 205 226 318 
JSR1  107 126 131 191 202 223 317 
BVRh  94 113 118 178 189 210 292 
LWS 
A (4) M3 
L1 
Y4 N4 Y4 T4 F4 S4 
 
B (6) M6 Y6 N6 Y6 T6 F6 S5 
?1 
C (2) M2 Y2 N2 Y2 T2 F2 S2 
D (2) L2 Y2 N2 Y2 T2 Y2 S2 
E (3) M3 Y3 S3 Y3 T3 Y3 S3 
F (3) L2 
V1 





G (2) F2 Y2 G2 Y2 F2 Y2 A2 
H (4) Y3 
F1 
Y4 A4 Y4 F3 
Y1 
Y4 A4 

















J (2) F2 F1 
Y1 
A2 F2 F2 W2 A2 
K (1) F1 F1 S1 Y1 F1 Y1 A1 
Table 2. Amino acid positions where residue variation corresponds to clade structure. The method of 
site identification is indicated: C = within 5Å of the chromophore; M = identified in MEME tests of 
selection, with a p<0.05. Amino acid sites are identified based on numbering in the NoL1 opsin of 
Neogonodactylus oerstedii (NoL1), the crystal structure of rhodopsin from the jumping spider 
Hasarius adansoni (JSR1; Accession # 6I9K_A), and bovine rhodopsin (BvRh; Accession # 
NP_001014890.1). Opsins are divided by spectral clades (long wavelength sensitive = LWS, middle 
wavelength sensitive = MWS, and ultraviolet sensitive = UVS) and subgroups (A-K).  The number of 
sequences within each subgroup are indicated in the parentheses after each letter.  Within each 




  Amino Acid #s 
NoLI  106 118 138 204 218 221 222 225 250 296 299 321 
BVRh  103 115 135 201 215 218 219 222 247 294 297 320 
JSR1  90 102 122 188
  
202 204 206 209 236 269 271 295 
Method  C M C C C C C C M C C C 
LWS 
A (4) N3 
M1 















C (2) M2 T2 C2 G2 L2 Y2 S2 V2 Q2 L2 N2 A2 
D (2) M2 T2 C2 G2 L2 Y2 S2 V2 Q2 L2 N2 A2 
E (3) M3 T3 C3 G3 L3 Y4 A2 
S1 
V3 Q3 F2 
L1 
N3 A4 












G (2) N2 V2 V2 S2 T2 I2 F2 D2 S2 A2 A2 A2 




A4 A4 T3 
V1 
A4 











A4 A4 V4 L4 
UVS 




A2 A2 S1 
K (1) K1 G1 I1 S1 V1 I1 F1 S1 A1 A1 A1 C2 
 
 
